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224 (5) that the inhibitory innervation of the colon and ileum of the guinea pig, and the stomach of the cat and guinea pig, as well as the rabbit portal vein, is neither adrenergic nor cholinergic (2, 4-6, 9, 25, 27, 3 1) . Similar evidence has also been published in regard to the excitatory innervation of the guinea pig vas deferens (1) . Campbell (10) and Robinson, McLean and Burnstock (35) have uncovered evidence of nonadrenergic, noncholinergic inhibitory nerves in the toad lung. The inhibitory nerves of mammalian airway muscle have been considered to be sympathetic (39) . Foster (21) and Rikimaru and Sudoh (34) have studied the inhibitory innervation of the guinea pig trachealis muscle and concluded that it was adrenergic.
In the present study we have investigated the nature of inhibitory nerves in the guinea pig trachealis muscle and found evidence that there are nonadrenergic, noncholinergic inhibitory nerves in this muscle.
METHODS
Our general approach in these studies is to place muscle strips from the guinea pig trachea in an organ bath and measure the effects of field stimulation on isometric tension. Muscle strips were taken from two different areas; the cervical trachea, l-2 cm inferior to the larynx, and the thoracic trachea, 0.5-2.5 cm superior to the carina.
Our principal goal was to study the nature of inhibitory nerves in this muscle with measurements of relaxations obtained with very short-pulse field stimulations, which stimulate intramural nerves without a significant direct effect on muscle. We studied the effects on relaxations mediated by field stimulation of beta-blocking agents, propranolol and practalol, and bretylium, an adrenergic neuron-blocking agent in an effort to determine if inhibitory nerves were adrenergic.
The drug concentrations used were those generally found to inhibit adrenergic nerves. Muscle strips were also studied after pretreatment of the animals with reserpine . We also performed frequencyresponse curves to ascertain if the inhibitory nerves in our preparation have stimulus-parameter characteristics that are typical of sympathetic nerves. Guinea pigs weighing 250-350 g were stunned and bled. The trachea was removed and immediately placed in cool Krebs solution.
Transverse strips, 2-3 mm in width, were prepared, which included trachealis muscle and ends of cartilage to which the muscle inserts. Cotton strings were tied to the ends of the strip which was then placed vertically in an organ bath containing 37 C Krebs solution ( composition in mM: Na+, 137; Kf, 5.9; MS;*, 1.2; Ca++, 2.5; Cl-, 134; H2P0,, 1.2; HC03-, 15.5; glucose, 11.5; equilibrated with 97 % 02 and3 % CO 2 giving a pH of 7.30-7.33). The string at the inferior end of the strip was tied to one Ag-AgCl electrode and the superior string passed through a circular electrode to its attachment to a tension transducer (Nihon-Kohden Corp., model SB-IT). In assessing effects of various drugs, control stimulations were performed, usually using stimulus parameters which gave a maximum relaxation and allowing time for complete recovery as evidenced by return to control tension. Following injection of the drug into the organ bath the preparation was again stimulated with field stimulation. Effects of drugs could not be evaluated unless base-line tension was similar to control base-line tension, so that it was reasonable to assume that the preparation was capable of the same degree of relaxation.
Reserpine was given to six animals as follows; 1.5 mg/kg subcutaneously on day I, 2.5-3.5 mg/kg intraperitoneally in 10 ml of sterile 5 % glucose in water on day 2. Experiments were performed on the 3rd day. This regimen results in depletion of norepinephrine from nerve terminals in other tissues (36), but has not been studied in guinea pig trachealis muscle. We performed histochemical measurements of catecholamine fluorescence using the method of Falck and Owman (20) in one control experiment and in one experiment where the guinea pig was given a total of 4 mg/kg reserpine.
The following drugs were used in this study; hyoscine hydrobromide, atropine sulfate, bre tylium tosylate, hexamethonium bromide, noradrenaline bitartrate, practalol, propranolol, phentolamine, and methamphetamine.
RESULTS
It was noted that isometric tension increased for a time period of 60-120 min following muscle placement in the organ bath, and we always waited until tension was stable before starting measurements of relaxations elicited with field stimulation.
Base-line isometric tension was adjusted to 0.3-0.5 g prior to performing experiments. Figure IA shows a tracing of isometric tension changes in thoracic muscle strips during and following 5-set field stimulations at 30 Hz and 1.0 msec. During the stimulating period there was an initial contraction, which reached a peak and decreased ; following cessation of stimulation, tension decreased to a level below base line, followed by a slow recovery to control level. This response to field stimulation is identical to that previously described by Foster (2 1) and Rikimaru and Sudoh (34) . The contraction was almost completely abolished by atropine or hyoscine (0. l-l pg/ml) and thus appears to be mediated principally by cholinergic nerves ( Fig. 1 B-D) . The small contraction which persisted after atropine or hyoscine was shown to be resistant to tetrodotoxin in concentrations as high as 1 pg/ml, suggesting it was a result of direct stimulation of muscle. This hyoscine or atropine-resistan t contraction increased with iocreases in pulse duration supporting this orgin, but was seen even with 0.4 msec pulse stimulation. Maximal relaxations varied from 30 to 60 % of total base-line isometric tension. During a relaxation, the rate of decrease in tension was nearly constant during the first two-thirds of the total decrease in tension. The time relationship of the remaining loss of tension was a function of stimulus parameters;
i.e., with high-frequency stimulation, the final portion of elicited relaxations was frequently prolonged and had the form shown in Fig. 1 , B or C. At low frequencies, maximal relaxation occurred more rapidly (Fig. ID) .
With short pulse-duration stimulation (less than 0.5 msec), elicited relaxations were reversibly abolished by tetrodotoxin, while with pulses longer than 0.5 msec tetrodotoxin-resistant relaxations were frequently seen which increased as a function of pulse duration, so that with 5-msec, 20-Hz stimulation, the tetrodotoxin-resistant component was as large as 23 % of the total relaxation.
Tetrodotoxinresistant relaxations are illustrated in Fig. 1 G and H. Hexamethonium (l-5 pg/ml) had no effect on relaxations elicited with field stimulation, suggesting that postganglionic intramural nerves were being stimulated. Of 11 experiments in which muscle strips from the cervical and from the thoracic trachea were studied simultaneously (20-Hz, 0.6-to 0.8. msec stimulation), the cervical muscle exhibited a larger relaxation in eight, and in three, thoracic muscle relaxations were larger. Cervical R. F. CUBURN AND T. TOMITA muscle relaxations averaged 0.157 zt SD 0.04 g tension, and thoracic relaxations, 0.119 =t SD 0.039
No differences in patterns of relaxation were detected between thoracic and cervical muscle. The maximal rate of relaxation was proportional to the total magnitude of the relaxation in both cervical and thoracic strips (Fig. 2) , and there was no difference in maximal relaxation rates. Figure 3 shows data obtained on strips from both locations in the trachea where the stimulating frequency was changed but the total number of stimulating pulses was kept constant at 60. With thoracic strips, maximal relaxation was reached at a lower frequency than with cervical muscle. In all six experiments with 0.6-to I-msec pulses, cervical data were displaced to the right of thoracic data; 90 % of maximal relaxation occurred at an average frequency of 13.6 =t SE 9.2 Hz in cervical strips and 6.8 & SE 0.9 Hz in thoracic muscle.
In thoracic muscle, relaxations were seen even at stimulating frequencies of 1 Hz, at pulse durations of 1 msec or greater, and a single pulse almost always elicited a relaxation. Relaxations elicited with single pulses or at 1 Hz were mediated principally via nerve stimulation . as evidenced by suppression with tetrodotoxin. With short pulse durations 0.2-0.7 msec), relaxations could not be elicited at frequencies less than 2 Hz.
Beta-blocking agents. In studies of effects of propranolol on elicited relaxations, the drug was usually injected directly into the organ bath giving concentrations of l-6 pg/m.l and flow was stopped; in some experiments the drug was also injected into the solution flowing into the organ bath and it was not necessary to stop the flow. (3 X 10m2 g/ml) which supp ressed relaxations to only 66 % of control.
A semilog plot of propranolol concentration versus the magnitude of elicited relaxations is shown in Fig. 4 . It appears there are intramural inhibitory nerves in cervical trachealis muscle which are resistant to this agent. Administration of propranolol had an even smaller effect on thoracic muscle; in fact, in many preparations no effect was seen even after exposure to 4-6 pg/ml for as long as 120 min. Relaxations were suppressed to an average of only 90.4 rt SE 1.9 % control.
In where we studied norepinephrine relaxations simultaneously in both cervical and thoracic strips there was not a significant difference in norepinephrine sensitivity. Therefore, the different responses to propranolol were not due to differences in sensitivity to norepinephrine.
After block with propranolol, using the doses listed above, the 50 % response concentration of norepinephrine increased 2.4 -50 times. With propranolol in the organ bath, administration of norepinephrine in low concentrations frequently caused a small contraction, as has been observed by others (11, 37) Thus, the resistance of thoracic muscle and the partial resistance of cervical muscle to beta-blocking agents suggest the presence of nonadrenergic inhibitory nerves.
Pretreatment with reser-pine. The experiments in which guinea pigs were pretreated with reserpine also gave data which were consistent with the beta-blocking data in that relaxations elicited with field stimulation persisted in both cervical and thoracic strips. In many of the experiments, however, base-line tone tended to decrease d uring the experiment, this being especially prevalent with thora tic preparations. Of the four experiments where simultaneous studies of strips from the two locations were performed, in two, larger relaxations were seen with thoracic muscle and in the others, with cervical muscle. In eight cervical strips, relaxations averaged 0.106 g, and in eight thoracic strips, 0.057 g (P > 0.05). We obtained pharmacological evidence that norepinephrine in nerve terminals had been depleted in that injections of propranolol had no effect on field-stimulation relaxations in all three strips of cervical muscle studied with this agent; whereas, as described above, in muscle from animals not pretreated with reserpine, propranolol almost always resulted in suppression of cervical muscle relaxations with field stimulation.
Twenty-minute incubations of cervical strips with 20 pg/rnl norepinephrine were followed (after washout of norepinephrine from the solution) by augmentation of fieldsti .mulation relaxations in three of four cervical preparations, b t U had no effect on four thoracic strips. In these experimen .ts propranolol was administered after the norepinephrine incubation and subsequent wash of norepinephrine from the organ bath; this had little or no effect in thoracic preparations, but caused a decrease in relaxations elicited by field stimulation in the three cervical strips that had responded to norepinephrine incubation. Repre-
Relaxations elicited by 0.5~rnsec stimulation in muscle from animals that had been given reserpine.
A and B are from cervical muscle (20 and 30 Hz, respectively) and C is from thoracic muscle (30 Hz). Muscle strips were also stimulated after a ZO-min incubation with 20 &ml norepinephrine. Following this, propranolol, 1 pg/ml, was given and mu,scle strips were again stimulated. sentative data from preparations in which incubation with norepinephrine was followed by injection of propranolol are shown in Fig. 5 . These data show that the neurotransmitter of inhibitory intramural nerves in thoracic muscle cannot be depleted with the doses of reserpine used in this study, under conditions in which evidence was obtained using cervical muscle that norepinephrine was depleted from adrenergic nerve endings, but could be at least partially replaced by incubation with exogenous norepinephrine. Catecholamine flwrescence studies. Figure 6 , A and B, shows photomicrographs of fluorescence in cervical and thoracic trachealis muscle after exposure of the sections to paraformaldehyde for 60 min at 80% humidity. Fluorescence was xew in both areas of the trachea; in cervical sections it was marked, whereas in thoracic sections it was scanty to moderate. Sections taken from animals pretreated with reserpine showed no fluorescence in trachealis musde suggesting complete disappearance of catecholamines. Figure  6C shows an example of cervical trachealis muscle in an animal given 4 mg/kg reserpine.
Effects of adrenergic nezmn blockade with bretyliwm. The pasibility that inhibitory nerves are not adrenergic was also tested by studying the effects of bretylium. This drug was usually kept in contact with muscle strips for 60 min. In almost all of the studies on both cervical and thoracic muscle there were decreases in magnitudes of &. occurred, neither consistent suppression nor augmentation of field-stimulation relaxations was seen either with phentolamine alone or when it was given with propranolol, l-2 ,ug/ml. The cause of the decrease in base-line tension with this agent remains to be determined.
In Table 1 some of the results obtained in this study are summarized.
DISCUSSION
The differences in stimulus parameters required for relaxation in cervical and thoracic trachealis muscle suggest R. F. COBURN AND T. TOMITA that there may be different types, or distributions, of inhibitory nerves in the two different areas of the trachea. In addition, stimulus parameters found particularly in thoracic muscle are different from those described for sympathetic nerves in other tissues (6, 26) . In general, stimulation of sympathetic nerves with single pulses or at frequencies of 1 Hz cannot produce any significant effect, and maximal relaxations are seen at higher frequencies than found in our study. The stimulus characteristics of inhibitory nerves in trachealis muscle are similar to those reported for "nonadrenergic, noncholinergic inhibitory nerves" in other organs (9).
The studies of the relationship of methamphetamine antagonism of bretylium and sensitivity of the preparation to propranolol can be criticized because propranolol was given at a time when the muscle had been in contact with bretylium and methamphetamine.
There is evidence that propranolol may antagonize amphetamine by a mechanism unrelated to beta blockade (30). Also methamphetamine itself causes release of tissue norepinephrine
( 1 1 between methamphetamine antagonism and propranolol sensitivity is that which is expected if both are related to the presence of adrenergic nerves. In addition, the data shown in Fig. 8 appear to explain the exceptions; the one cervical preparation that did no t show methamphetamine antagonism also failed to be sensitive to propranolol and presumably did not contain adrenergic nerves in significant quantities.
The two thoracic strips that showed methamphetamine antagonism to bretylium were sensitive to propranolol, evidence that they contained a drenergic fibres. Furthermore, the cervical strips which were relatively insensitive to propranolol had only insignificant decreases in the magnitude of field-stimulation relaxations following bretylium, whereas the two thoracic preparations which were sensitive to propranolol showed the largest decreases in magnitude of relaxations after bretylium. Thus, the methamphetamine data are consistent with the beta-blocking data and give evidence of a lack of sympathetic nerve participation in field-stimulation relaxa tions in most thoracic muscle preparations and the presence of sympathetic nerves involved in field-stimulation relaxations in most cervical preparations. It appears that decreases in field-stimulation relaxations following bretylium in most thoracic preparations was, at least in part, nonspecific; whereas the decreases which occurred in cervical preparations were principally due to adrenergic blockade. There is considerable evidence that bretylium can inhibit nerves in other tissues which are thought to be nonadrenergic and noncholinergic (1, 9) , and also evidence for a nonspecific, possibly local anesthetic, action for this drug (17) .
The data obtained in the present experiments all seem consistent with the presence of nonadrenergic, noncholinergic inhibitory nerves in the guinea pig trachealis muscle. It is worth stressing the differences between thoracic and cervical muscle since they considerably strengthen our findings. Most of the cervical preparations clearly contained some adrenergic nerves involved in field-stimulation relaxation, as evidenced by the sensitivity to propranolol, and the specific effects of bretylium, and the effects of incubation with norepinephrine in strips from animals pretreated with reserpine. Thus the cervical preparations, in a sense, served as a control for the thoracic muscle data. The differences in stimulus parameters associated with maximal relaxations in muscle from the two locations presumably resulted from different distributions of nonadrenergic and adrenergic inhibitory nerves. The lack of an effect of betablocking agents in most thoracic strips became more impressive when an effect was demonstrated in cervical muscle. The same is true of the finding of a lack of an antagonistic effect of methamphetamine to bretylium in thoracic muscle and a failure of norepinephrine incubation to augment relaxations in thoracic muscle from animals pretreated with reserpine, since cervical muscle exhibited the opposite effects. Our evidence in support of the presence of nonadrenergic, noncholinergic inhibitory nerves in thoracic muscle also includes the lack of augmentation by phentolamine of field-stimulation relaxations, the ability of this muscle to be stimulated by single pulses, and the persistence of field-stimulation relaxations after pretreatment with reserpine.
In interpreting these data we are faced with the same problems that have been discussed in similar studies, cited in the introduction, on smooth muscles from the stomach, colon, and vas deferens, where innervation has also been shown to be resistant to sympathetic blocking agents and adrenergic neuron blockade. Because the concentration of norepinephrine at membrane receptors during field stimulation is not known and because beta-blocking agents competitively with norepinephrine, it is impossi ble to act exclude completely the possibility that norepinephrine is the neurotransmitter of inhibitory intramural nerves in our thoracic preparati .on. It is also not possible to exclude completely a lack of complete depletion of endogenous norepinephrine with pretreatment with reserpine as an explanation for persistence of field-stimulation relaxations in our experiments, even though cervical muscle became refractory to propranolol and fluorescence disappeared. If the indibitory intramural nerves of the thoracic trachealis muscle are adrenergic, then they differ from typical sympathetic nerves in regard to their ability to be stimulated with low-frequency, short-duration pulses, as well as in their lack of sensitivity to beta-blocking agents, the specific effects of bretylium, and treatment with reserpine. Our data clearly relate the intramural inhibitory nerves of the trachealis muscle to inhibitory nerves described in the guinea pig colon and stomach, and possibly to the excitatory nerves found in the vas deferens.
An exception to this similarity of trachealis intramural inhibitory nerves to those in the gastrointestinal tract relates to the rate of relaxations elicited with field stimulation. We failed to find a faster rate of relaxation in the thoracic segment which contained all or mostly nonadrenergic inhibitory nerves, compared to the cervical segments which contained some adrenergic nerves. The studies of the guinea pig colon and stomach cited above have shown that relaxations are more rapid with stimulation of nonadrenergic nerves than when sympathetic nerves are directly stim-ulated. Cervical muscle also contained some nonadrenergic inhibitory nerves and it is possible that maximal relaxation rates are mostly influenced by these nerves rather than adrenergic nerves. Another possible explanation is that simultaneous atropineor hyoscine-resistant contractions caused error in our measurement of maximal relaxation rates.
Analogous to the 'cnonadrenergic" inhibitory nerves described in the gastrointestinal tract, one might predict that the tracheal nonadrenergic inhibitory nerves will be found in the vagus nerve. It is possible that these nerves are derived from the cranial parasympathetic outflow, as suggested by Campbell (9) for the stomach. Although the transmitter is unknown, there is evidence that, at least in the taenia coli, it is adenosine triphosphate or a related nucleoside (7). It is unlikely that tracheal nonadrenergic inhibitory nerves run in the sympathetic nerves in the vagal sympathetic trunk (18) since these nerves have their cell bodies in the stellate or middle cervical ganglion and are probably adrenergic (15).
As indicated in the introduction, other investigators have thought that trachealis muscle inhibitory nerves are adrenergic. Rikimaru and Sudoh (34) used almost an identical preparation to that used in the present study and found that high doses of guanethidine and bretylium abolished relaxations elicited by a-c field stimulation. These data are consistent with our findings of a decrease in field-stimulation relaxations following smaller doses of bretylium, although in our study it is shown that this probably is a nonspecific effect of this drug. Rikimaru and Sudoh also found that propranolol (l-5 pg/ml) completely abolished field-stimulation relaxations.
Although the site of origin of the muscle used by Rikimaru and Sudoh was not specified, it is possible that it was from the cervical trachea where our study supported the presence of adrenergic nerves, although propranolol never completely abolished field-stimulation relaxations in our cervical experiments and the reason for these different findings is not clear.
Foster (Zl), using an intact in vitro guinea pig trachea, found that relaxations elicited by ~-HZ, 0. I-msec stimulation for a 3 min duration were completely abolished by dichloroisoprenaline.
Furthermore, in one experiment pretreatment with 5 mg/kg of reserpine on both of 2 days prior to their experiments resulted in complete inability to elicit relaxations.
In this study, also, the origin of the muscle is not specified.
The reserpine dose was much larger than utilized in our study and may have resulted in deterioration of the one animal studied.
There is considerable evidence that sympathetic nerves innervate airway smooth muscle. Lockett (28) electrically stimulated bronchial in the cat and sympathetic nerves of catecholamines demonstrated release into the blood. Dixon and Ransom (19) showed that sympathetic stimulation caused bronchodilation, also in the cat. Cabezas, Graff, and Nadel (8) h ave shown a weak bronchodilator effect with sympathetic stimulation, in the dog, compared
